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ABSTRACT  
 
Particulate fouling is omnipresent in various heat exchanger systems such as electronics cooling (i.e. heat 
sinks) and HVAC&R systems. Particulate fouling in metal foam heat exchangers is poorly understood. This 
investigation forms the basis for addressing the implications of fouling for a myriad of industrial processes. 
This study will discuss the development of a coupled finite volume method and discrete element method 
(FVM-DEM) numerical framework to investigate the mechanisms governing particulate fouling in an 
idealized metal foam heat exchanger. This study examines particulate fouling characteristics based on various 
particle diameters and particle injection rates in an idealized metal foam heat exchanger. The present results 
show that the 70 µm foulants clog the heat exchanger whereas the 50 µm particles show no deposition 
regardless of the injection rate. A rigid solid aggregate structure comprising 70 μm foulants is formed which 
clog the heat exchanger and amplify the pressure drop. The numerics could be used to better optimize compact 
heat exchanger designs.   
 
1. INTRODUCTION 
 
Heat exchanger fouling is a multifaceted issue and prevalent in an array of industries such as chemical, dairy 
and food processing, power generation, among others. Heat exchanger is constantly subject to fouling over 
long periods of time, thereby leading to high financial losses, maintenance costs, safety hazards, and reduction 
in thermal efficiency. Energy recovery in crude oil refinery preheat heat exchangers is a challenging task due 
to fouling of heat exchangers (Yeap et al., 2004).  Fouling of the heat transfer surfaces in the dairy industry 
has an adverse effect on the safety and quality of dairy products (Bansal & Chen, 2006; Visser & Jeurnink 
1997). Particle deposition (fouling) has a detrimental effect on the efficacy of HVAC heat exchangers (Siegel 
2002). The peak performance of microstructured devices could be compromised in the event of particulate 
fouling. Moreover, this the decline in the performance of these microstructured devices is compounded by the 
fact that micro-process engineering is growing field and the mechanisms governing particulate fouling in 
small-scale devices is not known (Schoenitz et al., 2015).   It is noteworthy that the U.S. Department of Energy 
(2006) emphasized high fuel savings could be achieved by improving existing operating practices and capital 
equipment in refineries. Particulate fouling in indoor and outdoor environments are responsible for degrading 
the performance of heat exchangers in heating, ventilation, air-conditioning, and refrigeration systems 
(HVAC&R) (Inamdar et al., 2016). Recent technological advancements in electronics cooling have seen an 
increase in the compactness of heat sink fins (Moore D.A., 2009); however, it is worth mentioning that the 
particulate fouling could severely hamper the overall heat transfer performance of these compact and light-
weight heat sinks. The global heat exchanger market is expected to reach US $ 78 billion by 2020. Heat 
exchanger fouling accounts for roughly 1-2.5 % of the global carbon dioxide emissions the economic 
implications due to fouling accounts for about 0.25 % of the gross domestic product (GDP) of industrialized 
nations (Müller-Steinhagen, H. et al., 2013). Therefore, the development of energy efficient and effective heat 
exchange technologies is of paramount importance.  
  
Porous metal foams are gaining popularity in the research arena due to its unique thermo-physical properties, 
namely high surface area to volume ratio, high heat transfer potential, and low weight, (Han et al., 2012). 
Metal foams are seen as a viable alternate to fin-based heat exchangers under certain operating conditions 
(Bhattacharya & Mahajan, 2002; Chen et al., 2015; Huisseune et al., 2015; Rad et al., 2015; Seyf & Layeghi 
2010). The thermal resistance of fibrous foams was found to be about 70 % lower compared to fin-based CPU 
exchangers Mahdi et al. (2006). Schampheleire et al. (2013) examined the thermal performance of metal foams 
and louvered fins for HVAC applications. One of the main findings was that louvered fins perform better than 
10 PPI metal foams at air velocities greater than 2 m/s; however, the metal foam is superior to fins in a purely 
convective flow. Secondly, a brazed foam heat exchanger achieved similar performance results with the 
louvered fins due to the fact that brazing, a type of bonding method used in foams, significantly increases 
contact resistance by up to 44%. Similar performance issues in a hybrid fin-foam system remains inconclusive. 
Secondly, a comparative analysis of foams based on various material properties, such as aluminium and 
copper, based on various PPI’s, and foam height, have not been investigated. Clearly, the peak performance 
of metal foams in a particular application depends on the foam geometrical properties. Porous metal foams 
were used in a thermoelectric generator to increase waste recovery in the electric power industry (Tongcai et 
al., 2014).  
 
Although many studies have examined the thermal performance of metal foam heat exchangers, the majority 
of these studies are based on a number of assumptions. Firstly, most existing studies are purely based on single 
phase flow (Della Torre et al., 2014; Yongtong et al., 2017), which is not the case in many industrial 
applications. Secondly, the existing literature on metal foams are based on porosities greater than 90 % 
(Bayomy et al., 2016; Diani et al., 2015; Kuruneru et al., 2016) which are structurally weak, in some cases, 
provide moderate increase in heat transfer, and may not be suitable for specific thermal applications (Dukhan 
2006). In particular, the existing literature is almost devoid of information, such as single-phase flows, for 
foams of 70-90 % porosity.  To the best of the authors’ knowledge there is no information pertaining to 
unsteady multiphase particle-laden fluid flow and particulate fouling in low-porosity fibrous metal foam heat 
exchangers. 
 
The objective of this work is to develop a CFD-DEM method in OpenFOAM to numerically investigate solid-
gas flows and fouling in idealized metal foam structures comprising array of circular cylinders. This study 
considers particle-particle, particle-fluid, and particle-wall interactions. 
 
2. Methodology 
 
2.1. Numerical Model 
 
A coupled Finite Volume Method and Discrete Element Method is developed to examine solid-gas flows and 
particulate fouling in an idealized metal foam structure. Firstly, the working fluid in this study is air which is 
assumed to be laminar, incompressible, and isothermal and governed by the Navier-Stokes equations: 
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where vf is the fluid velocity, εf is the gas-phase fraction within a finite-volume computation cell which 
accounts for the fraction of solid particles in every computational cell, g is gravitational acceleration, τ is the 
 fluid viscous stress tensor, and ρf  is the carrier fluid density. The solid-gas interphase momentum sink term 
is given by Fpf, 
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where vi is the particle velocity, Vi is the particle volume, and Vcell is the volume of a computational cell for 
all particles i. In this study, the momentum exchange term β is based on the drag closure formulation of 
Gidaspow, which is commonly referred to as the Ergun-Wen-Yu drag model (Gidaspow, 1994). The 
translational motion of the discrete foulants is governed by the following equation: 
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The angular momentum is: 
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where ωp is the rotational velocity, Tp is the torque caused by the contact forces, and Ip is the moment of inertia. 
An Euler-implicit integration scheme is used for the particle equations. In this study, only drag forces and 
gravity force is considered because the solid-gas density ratios are very high. A soft-sphere discrete element 
method (DEM) is deployed in this study which is based on a non-linear spring-slider-dashpot model and is 
used to model the discrete particulate phase (Tsuji et al., 1992). The solid particle collision resolution steps is 
set to 20 while the CFD fluid time-step is set to 5 × 10-5. The simulation is executed for 1 s and the solid 
particles (i.e. foulants) are injected into the domain through the inlet plane at 0.10 s with an initialization 
velocity of 0.10 m/s which is identical to the inlet velocity magnitude U∞. A generalized geometric-algebraic 
multi-grid (GAMG) solver and a Gauss-Seidel smoother is used to obtain the discretised pressure equations. 
Additionally, a bi-conjugate gradient stabilized (PBiCGStab) with a diagonal incomplete-Cholesky symmetric 
and incomplete-LU asymmetric preconditioner (DILU) is deployed to obtain discretised velocity equations. 
Trial numerical results have shown that the results are sensibly identical regardless of whether a smoother 
symmetric Gauss-Seidel (sGS) or a PBiCGStab-DILU is used for obtaining the discretised velocity equations. 
The residuals for the pressure and velocity are, respectively, 1 × 10-7 and 1 × 10-6. The foulants considered in 
this study is based on sandstone with a density of 2500 kg/m3 (Hilton & Cleary 2013). In this study, the 
coefficient of restitution and friction coefficient is assumed to be 0.50. The PIMPLE algorithm is used for 
pressure-velocity coupling. OpenFOAM software (OpenFOAM v4.1), an open-source customizable CFD C++ 
program, is used to numerically couple the carrier fluid phase and discrete phase. The full details of the 
deployed numerics is presented in Kuruneru et al., 2017.  
 
2.2. Geometry  
 
The numerical model is then used to examine solid-gas flows and particle deposition in metal foams 
comprising cubical array of cylindrical structs, as shown in Fig. 1. The dimensions of the geometry is 9.20 
mm × 2.65 mm × 0.20 mm. The foam porosity is 80 %. The circular cylindrical obstructions which connote 
the metal foam ligament has a diameter of 0.56 mm. It is noteworthy that circular ligaments is profound in 
low-porosity foams (Bhattacharya et al., 2002). Numerically examining multiphase particle-laden solid gas 
flows is extremely complex and computationally demanding, therefore, the first step is to study idealized metal 
foam structures, while retaining the macroscopic quantities of a metal foam such as porosity and fibre 
thickness. Many researchers studied heat transfer correlations for high-porosity aluminium foams based on 
 the assumption that the foams form a cylindrical array of cylinders (Dukhan 2005; Ghosh 2009; Hooman et 
al., 2012). The geometry consists of multiple rows of the same circular cylindrical array arranged in an ordered 
manner; secondly, the configuration exhibits periodicity (x-axis) and symmetry (y-axis). Wang et al. (2017) 
used this approach to numerically model fouling characteristics of H-type heat exchangers. The study of solid-
gas flows in an idealized metal foam structure serves as a steppingstone to unravelling solid-gas dynamics 
prior to studying real metal foam structures obtained from X-ray CT scans. Symmetry boundary conditions 
are applied to the left and the right planes and the front and back planes, as shown in Fig. 1a. It is assumed 
that left, right, front, and back planes are impermeable to the solid foulant particles (i.e. solid foulants do not 
escape or penetrate said planes). The geometry is designed in SolidWorks (SolidWorks 2014). A multi-zone 
hexahedral mesh is created in ANSYS (ANSYS v18, 2016). The fluent case file is then exported to 
OpenFOAM (OpenFOAM v4.1, 2016) to execute the numerical simulations. ParaView (ParaView v4.1.0, 
2014) is used to post-process the numerical results.  
 
  
(a) (b) 
Figure 1. (a) Geometrical morphology and boundary conditions 
 
2.3. Case Studies 
 
The numerical investigation is based on monodisperse and polydisperse solid foulant particles, as shown in 
Table 1. For the monodisperse cases, solid particulates of 50 µm and 70 µm diameter (Kuruneru et al., 2017) 
are introduced into the porous structure depicted in Fig. 1, whereas a Gaussian normal distribution function is 
introduced for the polydisperse particles. The particulate fouling patterns is investigated based on various 
particle injection rates, which is based on the total number of particles injected per second across the inlet 
plate. 
 
Table 1 CFD-DEM case studies. Case A and Case B denote 50 µm and 70 µm foulant diameter respectively  
Case Solid Foulant Diameter µm  Particle Injection Rate (pps) 
1A   1B 50      70  2000 
2A   2B 50      70  4000 
 
The particle density for all six cases is set to 2500 kg/m3, and the coefficient of restitution and friction 
coefficient is 0.50. The deposition fraction, which is measured as the ratio of the number of deposited solid 
particles to the total number of particles injected into the domain, is evaluated in the ensuing section. 
Moreover, the heightened pressure drop as a direct consequence of particulate fouling is discussed.  
 3. Results & Discussions 
 
3.1. Mesh Sensitivity Analysis 
 
A grid independent test on single-phase fluid flow is performed using four different grids and the global 
pressure drop is evaluated. The results are presented in Table 2. Successive mesh refinement shows a 
significant cessation in the alteration of the global pressure drop commencing Grid 1.  
 
Table 2 Mesh sensitivity analysis 
Grid Nodes [-] Global Pressure Drop [Pa] 
1 3783 6.34 
2 7586 7.32 
3 11240 7.50 
 
Therefore, Grid 1 is used for the computation studies because the global pressure drop shows less than 5 % 
increase after every refinement. 
 
3.2. Solid-Gas Flow and Fouling profile 
 
The dynamical evolution of solid-gas transport and clogging of an idealized metal foam heat exchanger is 
illustrated in Fig. 2. The interactions between the neighbouring foulants and particle-wall interactions (four-
way coupling) and particle-fluid interactions (two-way coupling) is evaluated. As time elapses, the foulants 
clog and accumulates on the circular cylinder surface of the porous geometry. Although a large swathe of 
foulants pass through the obstruction walls, many particles sediment, adhere, and clog the gaps of the circular 
obstructions (i.e. cylinders) which increases the global pressure drop. A heightened fluid velocity is observed 
at the left and right lateral faces which affects the motion of the particles. The foulant layer comprises a rigid 
structure of multiple layers of stationary foulants. The 50 µm particles show no clogging or deposition 
regardless of the injection rate. However, the configuration is susceptible to clogging caused by the 70 µm 
foulants at 4000 pps, as shown in Fig. 2. The height of the foulant layer on circular obstructions of the first 
row remains constant commencing 0.60 s. This observation is, at least in part, arguably linked to the steepness 
of the aggregate shape on the first row circular obstruction cylinders. The evenness of the foulant aggregate 
height is clearly observed at 0.40 s, shown in Fig. 2c; however, the foulant layer forms a slope creating a 
triangular-shaped foulant at 0.80 s. This causes many particles to slide and roll over towards the left and right 
symmetry boundary planes thereby reducing the rate of fouling on the first row walls at 0.60 s. The velocity 
of the foulants increase upon reaching the symmetric walls or in between the gaps of the circular obstructions.   
 
               
Figure 2. Time evolution of solid-gas flows and clogging caused by 70 μm foulants at 4000 pps. 
 
The foulant residence time is shown in Fig. 2g which depicts the amount of time foulants have been immersed 
and clogged in the porous configuration. The residence time calculation could potentially aid in the design 
optimization of a porous heat exchanger to minimize or control fouling by accounting for regions of high 
concentration of foulants. Many particulates also clog the cylinders located in between the first and third rows. 
The foulants adhere to the circular walls thereby artificially increasing the surface roughness of the cylindrical 
ligaments. Moreover, the continuous accumulation of particles ultimately altered the porosity of the 
configuration. This could potentially reduce the overall heat transfer performance of the porous structure 
depending on the thermal conductivity of the solid particles and the circular ligament walls. Interestingly, 
traces of highly conductive foulants, such as copper dust, could accentuate heat transfer performance.     
 
  
(a) (b) 
Figure 3. (a) Deposition profile and (b) Pressure drop of 70 μm particles at 4000 pps. The dashed lines 
connote the time-averaged deposition fraction and time-averaged pressure drop.  
 
The graphs of the deposition fraction and the pressure drop of the 70 μm particle size at 4000 pps (case 2B) 
case is shown in Fig. 3. It is noted that no particle deposition exists in the other three cases. According to the 
results of Fig. 3, the time evolution of the deposition fraction and pressure drop increase linearly. A steep 
incline in the deposition fraction is observed from 0.2 s to 0.6 s, after which a slight reduction in the fouling 
rate is observed from 0.6 to 1.0 s.  
 
  
 
Figure 4. 50 μm foulant-laden fluid flow at t = 1.00 s. 
 
A higher injection rate exhibits a greater tendency to clog the internal porous structure, in particular for the 70 
μm case. An example of a 50 μm case is shown in Fig. 4. Although the 70 μm particles clog the heat exchanger 
and increase the pressure drop, the 50 μm cases are devoid of fouling regardless of the injection rate.  
 
4. Conclusions 
 
A CFD-DEM numerical framework is developed in OpenFOAM to numerically examine the dynamical 
evolution of foulant-laden air flow and particulate fouling in an porous material comprising ordered arrays of 
cylindrical ligaments. We examine solid-gas profiles based on various foulant diameter and foulant injection 
rates. The 50 μm foulant particles showed negligible traces of deposition whereas heavy fouling is observed 
for the 70 μm foulants at 4000 pps. The pressure drop and deposition fraction of the 70 μm case increases in 
a linear fashion; moreover, the variation in the pressure drop and deposition fraction at various time points is 
attributable to the foulant layer height and the surface area of the foulant aggregate. Importantly, the presented 
numerical model permits one to optimize heat exchanger designs by considering regions of high concentration 
of foulants.  In the next step, the authors will investigate the deposition mechanisms and solid-gas flow 
characteristics of poly-disperse foulants by introducing foulant size based on a Gaussian normal distribution 
function. 
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